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Phagocytosis  of  inhaled  Bacillus  anthracis  spores  and  subsequent  trafficking  to  lymph  nodes  are  decisive  events  in  the  progression 
of  inhalational  anthrax  because  they  initiate  germination  and  dissemination  of  spores.  Found  in  high  frequency  throughout  the 
respiratory  track,  dendritic  cells  (DCs)  routinely  take  up  foreign  particles  and  migrate  to  lymph  nodes.  However,  the  participation 
of  DCs  in  phagocytosis  and  dissemination  of  spores  has  not  been  investigated  previously.  We  found  that  human  DCs  readily 
engulfed  fully  pathogenic  Ames  and  attenuated  B.  anthracis  spores  predominately  by  coiling  phagocytosis.  Spores  provoked  a  loss 
of  tissue-retaining  chemokine  receptors  (CCR2,  CCR5)  with  a  concurrent  increase  in  lymph  node  homing  receptors  (CCR7, 
CDllc)  on  the  membrane  of  DCs.  After  spore  infection,  immature  DCs  displayed  a  mature  phenotype  (CD83brlgbt,  HLA-DRbrlght, 
CD80brlght,  CD86brlgbt,  CD40brlght)  and  enhanced  costimulatory  activity.  Surprisingly,  spores  activated  the  MAPK  cascade  (ERK, 
p38)  within  30  min  and  stimulated  expression  of  several  inflammatory  response  genes  by  2  h.  MAPK  signaling  was  extinguished 
by  6  h  infection,  and  there  was  a  dramatic  reduction  of  secreted  TNF-a,  IL-6,  and  IL-8  in  the  absence  of  DC  death.  This 
corresponded  temporally  with  enzymatic  cleavage  of  proximal  MAPK  signaling  proteins  (MEK-1,  MEK-3,  and  MAP  kinase 
kinase-4)  and  may  indicate  activity  of  anthrax  lethal  toxin.  Taken  together,  these  results  suggest  that  B.  anthracis  may  exploit  DCs 
to  facilitate  infection.  The  Journal  of  Immunology,  2005,  174:  5545-5552. 


Inhalational  anthrax,  a  disease  that  was  exploited  for  bioter¬ 
rorism  (1),  is  most  often  fatal  and  causes  lasting  disabilities 
for  survivors  (2).  Following  inhalation.  Bacillus  anthracis 
spores  lay  latent  in  lung  fluids  until  they  are  engulfed  by  phago¬ 
cytic  cells  (3)  and  carried  across  lung  tissues  into  the  lymphatics 
(4).  These  decisive  steps  initiate  infection  by  triggering  germina¬ 
tion  of  spores  into  vegetative  bacilli.  Intracellular  bacilli  quickly 
multiply,  escape  host  cells,  and  are  released  into  lymphatics.  From 
there,  bacilli  gain  access  to  the  circulatory  system  (5)  and  are  dis¬ 
seminated  throughout  the  host  (5).  Further  tissue  damage  is  caused 
by  edema  toxin  (ET)3  and  lethal  toxin  (LT),  encoded  on  plasmid 
pXOl.  Fatality  often  results  from  rupture  of  inflamed  mediastinal 
lymph  nodes,  causing  secondary  sepsis,  edema,  and  multiple  organ 
failure  (6). 

For  decades,  research  has  focused  almost  exclusively  on  mac¬ 
rophages  as  an  anthrax  Trojan  horse  (7)  that  engulfs  spores  and 
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carries  them  out  of  the  lungs.  However,  mice  that  were  chemically 
depleted  of  macrophages  and  infected  with  spores  by  aerosol  nev¬ 
ertheless  experienced  disease  (8).  Cote  et  al.  (8)  demonstrated  that 
macrophages  were  not  essential  for  initiation  of  infection  and  im¬ 
plicated  the  existence  of  unidentified  cell  populations  within  the 
lungs  that  may  be  exploited  by  B.  anthracis  to  facilitate  the  disease 
process.  In  particular,  the  dendritic  cell  (DC)  has  qualities  that 
make  it  a  strong  candidate  for  exploitation  by  B.  anthracis  to  aid 
in  progression  of  disease.  DCs  are  found  in  high  frequency  within 
the  airway  epithelium,  submucosa,  lung  parenchyma,  and  alveolar 
space  (9).  Migration  of  Ag-loaded  DCs  from  these  regions  into 
draining  lymph  nodes  is  fundamental  to  initiating  acquired  im¬ 
mune  responses.  Activated  DCs  initiate  innate  immune  responses 
via  contact  interactions  with  other  leukocytes  and  by  secretion  of 
proinflammatory  chemokines,  cytokines,  and  lipid  mediators.  Dur¬ 
ing  maturation,  DCs  increase  membrane  expression  of  costimula¬ 
tory  proteins,  thus  allowing  them  to  efficiently  present  Ags  to  cog¬ 
nate  T  lymphocytes,  initiating  adaptive  immune  responses. 
Therefore,  DCs  are  regarded  as  a  critical  link  between  the  innate 
and  adaptive  immune  responses  (10)  in  the  respiratory  mucosa  (9). 
The  central  role  of  DCs  in  development  of  immunity  and  their 
ability  to  take  up  and  transport  particles  from  the  lungs  led  us  to 
postulate  that  B.  anthracis  might  exploit  DCs  to  invade  the  host 
and  to  evade  host  immune  responses. 

In  the  present  study,  we  examined  by  confocal  and  electron 
microscopy  the  capacity  for  human  DCs  to  endocytose  fully  patho¬ 
genic  Ames  and  nonpathogenic  B.  anthracis  spores  in  vitro.  We 
determined  that  DCs  endocytose  B.  anthracis  spores  primarily  by 
coiling  phagocytosis.  Next,  we  evaluated  the  impact  of  infection  and 
B.  anthracis  virulence  factors  on  DC  immunostimulatory  activities  by 
infecting  DCs  with  a  strain  that  secretes  ET  and  LT  (Steme)  and  a 
strain  that  lacks  the  capacity  to  produce  these  toxins  (difference  in 
Ames  nonresponder  (A ANR).  DC  immunostimulatory  activities  were 
assessed  by  examination  of  RNA  and  protein  levels  of  chemokine 
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DCs  ENDOCYTOSE  B.  anthracis  SPORES 


receptors,  proinflammatory  cytokines,  chemokines,  and  as  well  as  by 
activation  of  MAPK  proteins  and  stimulation  of  allogenic  T  cells.  We 
show  that  DCs  can  be  a  receptive  host  for  B.  anthracis  spores  and 
bacilli,  which  stimulate  secretion  of  TNF-a,  IL-6,  and  IL-8  via  acti¬ 
vation  of  the  MAPK  pathway  until  virulence  factors  reach  sufficient 
levels  to  silence  MAPK  signaling  6  h  after  infection.  Infected  DCs 
mature  and  develop  the  capacity  for  migration  to  lymph  nodes.  The 
study  described  in  this  work  supports  an  alternative  model  for  B. 
anthracis  host  invasion  and  dissemination  based  on  DC  endocytosis 
of  spores. 

Materials  and  Methods 

Culture  and  infection  of  human  monocyte-derived  DCs 

DCs  were  cultured  from  peripheral  blood,  as  described  previously  (11). 
Briefly,  peripheral  blood  monocytes  were  cultured  for  4  days  in  RPMI 
1640  supplemented  with  1%  MEM  nonessential  amino  acids,  10%  heat- 
inactivated  FBS  (henceforth  referred  to  as  cRPMI),  100  IU  of  penicillin, 
100  jLig/ml  streptomicin,  20  ng/ml  human  IL-4,  and  100  ng/ml  human  GM- 
CSF  (PeproTech).  Cultures  were  >97%  CDllc+  cells.  Before  all  experi¬ 
ments,  DCs  were  washed  three  times  to  remove  antibiotics,  and  then  re¬ 
suspended  in  cRPMI.  We  initially  tested  a  variety  of  multiplicity  of 
infection  (MOI)  (1,5,  10,  and  50),  but  saw  little  difference  in  responses  (of 
MAPK  signaling,  cytokine  secretion,  and  induced  cytokine/chemokine  re¬ 
ceptor  RNA)  other  than  slow  responses  at  very  low  MOI  and  faster  re¬ 
sponses  at  very  high  MOI.  In  this  study,  an  MOI  of  10  was  used  because 
this  is  a  typical  MOI  used  in  studies  that  investigate  interactions  of  B. 
anthracis  and  the  immune  system.  DCs  were  infected  with  an  MOI  of  10, 
unless  otherwise  noted. 

B.  anthracis  spores 

Culture,  spore  preparation,  and  engineering  of  GFP-Sterne  and  GFP- 
AANR  spores  were  described  previously  (12).  Briefly,  plasmid  pAFp8gfp 
was  used  in  transfections  of  B.  anthracis  bacilli  to  produce  bacilli  that 
constitutively  express  GFP.  pAFp8gfp  contains  a  kanamycin  resistance 
gene  and  a  synthetic  B.  anthracis  promoter  sequence  ligated  upstream  of 
gfp.  The  extrachromosomal  plasmid  is  replicated  during  proliferation  and 
segregates  with  progeny  cells.  During  sporulation,  GFP  is  incorporated 
inside  spores  (determined  by  immunoelectron  microscopy;  data  not 
shown),  giving  rise  to  GFP  spores.  Spores  were  prepared  using  endotoxin- 
free  reagents.  Ames  spores  were  provided  by  T.  Abshire  and  J.  Ezzel  (U.S. 
Army  Medical  Research  Institute  of  Infectious  Diseases).  Viable  spores 
were  heat  shocked  for  45  min  at  65  °C,  centrifuged  for  10  min  at  16,000  X 
g,  and  resuspended  in  cRPMI  immediately  before  infections.  In  some  ex¬ 
periments,  Sterne  spores  were  inactivated  by  irradiation  (4  X  106  rad) 
on  ice. 

Fluorescence  microscopy 

DCs  were  infected  for  1  h,  followed  by  five  washes  with  50  ml  of  cRPMI 
to  remove  non-cell  associated  spores.  DCs  were  cultured  in  chamber  slides 
coated  with  CC2  (Nalge  Nunc  International)  to  promote  adherence  to  the 
glass  slide  and  fixed  in  0.1%  paraformaldehyde  overnight.  DCs  infected 
with  Ames  strain  spores  were  fixed  in  4%  paraformaldehyde  for  7  days. 
Images  were  collected  using  a  Bio-Rad  2000MP  confocal  microscope.  In 
some  experiments,  DCs  were  permeabilized  with  0.2%  Triton  X-100  in 
PBS  before  the  cells  were  stained  with  Texas  Red-phalloidin,  Hoechst  stain 
(Molecular  Probes),  or  Abs  specific  for  CD  11c  (BD  Biosciences). 

Electron  microscopy 

For  transmission  electron  microscopy  (TEM),  spore-infected  DCs  were 
fixed  for  1  h  with  2.5%  glutaraldehyde  prewarmed  to  37°C,  and  were 
treated  with  1%  osmium  tetroxide  in  a  modified  Millonig’s  buffer  (0.1  M 
PBS,  0.5%  dextrose,  pH  7.3)  (13)  stained  en  bloc  with  0.5%  uranyl  acetate 
in  ethanol,  dehydrated  in  graded  ethanol  and  propylene  oxide,  and  embed¬ 
ded  in  Poly /Bed  812  resin  (Polysciences).  Ultrathin  sections  were  placed 
on  200-mesh  nickel  grids  and  stained  with  5%  uranyl  acetate  and  0.2%  lead 
citrate. 

RNase  protection  assay  (RPA) 

The  RiboQuant  MultiProbe  RPA  was  performed  according  to  manufactur¬ 
er’ s  directions  (BD  Biosciences)  with  minor  modifications  (14).  Radiola¬ 
beled  probe  sets  hCR5  and  hCK2b  were  used  to  hybridize  with  total  RNA 
purified  from  TRIzol-treated  samples.  Band  density  was  quantitated  using 
the  UN-SCAN-IT  gel  automated  digitizing  system  (Silk  Scientific).  The 


relative  mRNA  levels  were  determined  by  normalization  of  band  densities 
for  each  protected  probe  fragment  with  that  of  L32,  a  housekeeping  gene 
used  as  an  internal  loading  control  (15). 


Mixed  lymphocyte  reaction 

Immature  DCs  were  treated  with  100  ng/ml  LPS  ( Escherichia  coli  Oil: 
B4),  Sterne  spores,  or  AANR  spores  for  6  h  before  cultures  were  irradiated 
by  2000  rad.  Different  numbers  of  DCs  (0-20,000)  were  cultured  with 
100,000  allogenic  T  cells  purified  by  immunomagnetic  depletion  using 
anti-CD56,  anti-CD  19,  anti-CD  14,  anti-HLA-DR  Abs  (BD  Biosciences), 
and  Dynabeads  (Dynal  Biotech).  Cells  were  cultured  in  round-bottom  96- 
well  plates  in  cRPMI  supplemented  with  10  /xg/ml  gentamicin  to  kill  ba¬ 
cilli  and  spores.  T  cell  proliferation  was  measured  by  the  addition  of  1 
/LtCi/well  [3H]thymidine  (Amersham  Biosciences)  for  the  final  18  h  of 
5 -day  culture.  Liquid  scintillation  counting  was  used  to  measure  incorpo¬ 
rated  [3H]thymidine. 


Cell  surface  and  cytokine  analysis 

For  cell  surface  analysis  of  protein  expression,  DCs  were  treated  with  LPS 
or  infected  with  Sterne  or  AANR  spores  for  2  h  before  gentamicin  was 
added  to  the  culture  medium.  After  24  h  of  incubation,  DCs  were  incubated 
with  directly  conjugated  Abs  for  surface  proteins  (BD  Biosciences)  for  30 
min  before  excess  Ab  was  washed  away.  Then  cells  were  fixed  with  5% 
formalin  overnight,  and  analyzed  by  flow  cytometry.  For  cytokine  analysis, 
DCs  were  treated  with  LPS  or  infected  with  Sterne  or  AANR  spores  for  the 
times  indicated.  Culture  supernatants  were  sterile  filtered  and  analyzed  for 
secreted  proteins  by  cytometric  bead  array  (human  inflammation  and  hu¬ 
man  chemokine  kits;  BD  Biosciences),  according  to  the  manufacturer’s 
directions.  All  analyses  were  performed  on  a  FACSCalibur  (BD 
Biosciences). 


Western  blot 

DCs  were  lysed  in  buffer  containing  50  mM  Tris-HCl,  pH  7.4,  150  mM 
NaCl,  2  mM  EDTA,  25  mM  /3-glycerophosphate,  1%  Triton  X-100,  10 
mM  NaF,  1  mM  Na3V04,  protease  inhibitor  mixture,  and  phosphatase 
inhibitor  mixture  I  and  II  (Sigma-Aldrich),  which  does  not  lyse  B.  anthra¬ 
cis  spores  or  bacilli.  Cellular  proteins  (30  pg  of  protein/sample)  were  sep¬ 
arated  by  SDS-PAGE,  then  blotted  with  the  appropriate  Abs. 


D 


FIGURE  1.  DCs  endocytose  B.  anthracis  spores.  DCs  were  infected 
with  an  MOI  of  10  Ames  (A)  or  Steme  (B)  spores  (green)  for  1  h,  fixed,  and 
stained  for  CDllc  (red)  and  DNA  (blue).  C,  Alternatively,  DCs  were 
stained  for  actin  (red),  DNA  (gold),  and  germinated  spores  (blue)  before 
analysis  by  confocal  microscopy.  D,  DCs  were  infected  for  15  min  with 
Steme  spores,  fixed,  and  analyzed  by  TEM  (left).  Inset  of  an  internalized  non- 
germinated  spore  is  shown  (right).  Size  bars  indicate  10  (A-C)  and  1  (D)  pm. 
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FIGURE  2.  DCs  engulf  Sterne  spores  by  coiling  phagocytosis.  DCs 
were  infected  15  min  with  Sterne  spores  or  latex  beads,  fixed,  and  analyzed 
by  TEM.  DCs  endocytosed  spores  by  macropinocytosis  (A)  and  coiling 
phagocytosis  ( B ).  In  contrast,  DCs  engulfed  latex  beads  by  macropinocy¬ 
tosis  only  (C).  Size  bars  indicate  500  nm  (A  and  B )  and  2  p,m  (C). 

Results 

DC  endocytosis  of  B.  anthracis  spores 

To  investigate  whether  DCs  might  play  a  role  in  B.  anthracis 
pathogenesis,  first  we  determined  whether  DCs  internalize  B.  an¬ 
thracis  spores.  Immature  DCs  derived  from  human  monocytes 
were  incubated  with  fully  virulent  Ames  (pX01+,  pX02+)  spores 
for  1  h,  and  then  rinsed  to  remove  excess  spores.  The  fixed  cultures 
were  labeled  with  Abs  to  the  DC  marker  CD1  lc  and  to  B.  anthra¬ 
cis  spores  before  examination  by  confocal  microscopy.  Ames 
spores  were  located  inside  CDllc+  cells  (Fig.  1A).  Likewise,  DCs 
internalized  GFP-Steme  (pX01  +  ,  pX02~)  spores  (Fig.  IB)  and 
GFP-AANR  (pX01~,  pX02~)  spores  (data  not  shown).  Sterne  and 
AANR  spores  that  had  clearly  germinated  based  on  staining  of 


FIGURE  3.  DCs  show  no  preference  for  endocytosis  between  B.  an¬ 
thracis  spores  and  latex  beads.  DCs  were  coincubated  with  premixed  GFP 
spores  and  red  latex  beads  in  equal  numbers  (20  particles  per  DC  total). 
DCs  were  stained  for  actin  (gold)  and  DNA  (blue).  Size  bar  indicates  10  /am. 

DNA  were  also  found  within  DCs,  although  it  was  uncertain 
whether  these  spores  were  internalized  after  germination  in  the 
culture  medium  or  had  germinated  within  the  DCs.  Lung  fluids 
alone  are  not  sufficient  to  promote  germination  of  inhaled  spores 
(4),  so  phagocytic  cells  most  likely  engulf  spores  in  a  dormant 
state.  Therefore,  we  examined  the  capacity  for  immature  DCs  to 
internalize  ungerminated  spores.  After  1  h  infection,  fixed  DCs 
were  incubated  with  an  Ab  specific  for  B.  anthracis  bacilli  to  iden¬ 
tify  germinated  spores  (Fig.  1C).  DCs  were  found  to  have  inter¬ 
nalized  nongerminated  GFP  spores  as  indicated  by  absence  of  Ab 
binding.  These  data  were  also  supported  by  TEM  analysis  of  DCs 
that  were  infected  for  15  min  (Fig.  ID).  An  absence  of  swelling  or 
elongation  in  the  core  region  of  internalized  spores  indicated  they 
had  not  germinated. 

To  determine  the  method  of  spore  uptake,  DCs  were  infected  for 
15  min  and  analyzed  by  TEM.  Macropinocytosis  was  occasionally 
observed  (Fig.  2A),  but  zipper-type  phagocytosis  was  not.  The  pre¬ 
dominant  method  used  by  DCs  to  take  up  spores  was  coiling 
phagocytosis  (Fig.  2 B).  Among  ~100  grids  that  showed  spores 


Table  I.  DCs  show  no  preference  in  endocytosis  of  Steme  (pX01+)  and 
AANR  (pX0I~)  spores " 


MOI 

%  DCs  Taking  Up  Spores 
(SD)fo 

Mean  of  Spores/DC  (range)6' 

Sterne 

AANR 

Sterne 

AANR 

i 

5.8  (0.5) 

4.6  (0.5) 

1.0(1) 

1.8  (1-2) 

5 

12.5  (0.5) 

10.4  (0.5) 

1.6  (1-4/ 

1.7  (1-7)'' 

10 

20.4  (0.5/ 

20.6  (0.4/ 

2.8  (1-13/ 

2.3  (1— 9)e 

50 

30.6  (0.4)d-e 

34.2  (0.4/e 

3.7  (1^10/ 

3.5  (1-20/ 

a  DCs  were  infected  with  GFP-Sterne  or  GFP-AANR  spores  for  1  h  and  gently 
fixed.  For  enumerating  ingested  spores,  those  adhered  to  the  outside  surface  of  DCs 
were  distinguished  from  spores  located  inside  of  DCs  by  incubating  nonpermeabilized 
cells  with  a  mix  of  Abs  specific  for  B.  anthracis  spores  and  bacilli,  followed  by  a 
secondary  incubation  with  Ab  conjugated  to  Alexa-568-nm  fluorophore.  Approxi¬ 
mately  100  DCs  per  sample  were  examined  for  enumerating  internalized  spores. 
These  data  are  representative  of  responses  from  two  different  donors. 

b  Cochran-Armitage  test  (38)  was  used  for  statistical  analysis  of  differences 
between  MOI. 

c  Jonckheere-Terpstra  test  (39)  was  used  for  statistical  analysis  of  differences 
between  MOI. 

d  Significantly  different  from  MOI  of  1,  p  <  0.040. 
c  Significantly  different  from  MOI  of  5,  p  <  0.020. 
f  Significantly  different  from  MOI  of  10,  p  =  0.004. 
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associated  with  DCs,  the  mechanism  of  uptake  was  apparent  in  30 
grids.  Of  those,  coiling  phagocytosis  was  observed  approximately 
two-thirds  of  the  time.  In  contrast  to  spores,  latex  beads  were  en¬ 
gulfed  by  macropinocytosis  without  any  evidence  of  coiling 
phagocytosis  (Fig.  20).  These  data  indicate  that  the  coiling  mech¬ 
anism  to  capture  spores  was  neither  a  generalized  response  to  par¬ 
ticles  of  that  size  and  shape  nor  a  result  of  the  culture  conditions 
(16)  used  to  generate  DCs  in  vitro. 

The  amount  of  spore  uptake  varied  widely  from  one  cell  to 
another,  but  examination  of  uptake  during  simultaneous  incubation 
with  spores  and  fluorescent  latex  beads  suggested  that  dilferences 
in  the  extent  of  internalization  were  not  specific  to  spores  (Fig.  3). 
Although  incubation  with  increasing  numbers  of  spores  led  to  sig¬ 
nificantly  greater  numbers  of  DCs  taking  up  spores  on  average 
(Table  I),  considerable  variation  among  DCs  persisted,  including 
some  cells  that  exhibited  no  uptake  (Table  I).  Because  the  level  of 
maturation  is  known  to  influence  DC  endocytic  activity  (17),  it  is 
likely  that  this  observation  reflects  heterogeneity  in  maturity  of 
cultured  DCs. 

DC  chemokine  receptor  expression,  maturation,  and  enhanced 
costimulation  following  infection  with  B.  anthracis  spores 

Having  confirmed  that  DCs  capture  B.  anthracis  spores,  we  ex¬ 
amined  the  subsequent  impact  on  DCs  to  determine  whether  spores 
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FIGURE  4.  B.  anthracis  spores  induce  loss  of  tissue-retaining  chemokine 
receptor  RNA.  RPA  template  probe  set  hCR5  was  hybridized  with  RNA  from 
DCs  treated  with  100  ng/ml  LPS,  Sterne  spores,  or  AANR  spores  for  2  h.  Band 
density  of  chemokine  receptor-specihc  mRNA-protected  probe  fragments 
(top)  was  expressed  as  a  percentage  of  L32  (bottom).  These  data  are  repre¬ 
sentative  of  responses  from  three  different  donors. 
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FIGURE  5.  DCs  infected  with  B.  anthracis  spores  mature  and  develop 
the  capacity  to  migrate  into  lymph  nodes.  DCs  were  treated  with  100  ng/ml 
LPS,  Sterne  spores,  or  AANR  spores  for  2  h  before  antibiotic  was  added. 
Following  24  h  incubation,  cell  surface  protein  expression  was  analyzed  by 
flow  cytometry  using  protein-specific  Abs  (black  line)  or  isotype  control 
IgG  (gray  filled).  These  data  are  representative  of  responses  from  six  dif¬ 
ferent  donors. 


promote  lymph  node  homing  and  maturation.  During  an  infection, 
anthrax  toxins  might  influence  DC  function,  so  we  compared  re¬ 
sponses  to  two  different  strains  of  spores:  Sterne  strain  (pX01+) 
and  AANR  strain  (pX01~).  We  had  already  confirmed  that  there 
was  no  apparent  difference  in  quantities  of  internalized  spores  us¬ 
ing  these  two  B.  anthracis  strains  (Table  I). 

DCs  were  treated  with  Sterne  spores,  AANR  spores,  or  the  stan¬ 
dard  activating  agent  bacterial  LPS  for  2  h  before  harvesting  sam¬ 
ples.  RPA  revealed  that  expression  of  RNA  for  tissue-retaining 
chemokine  receptors  (CCR1,  CCR3,  CCR5,  CCR8,  and  CCR2ab) 
was  reduced  to  a  similar  extent  by  treatment  with  Sterne  spores, 
AANR  spores,  and  LPS  (Fig.  4).  These  changes  are  characteristic 
of  lymph  node  homing  DCs.  For  cell  surface  analysis  of  protein 
expression,  DCs  were  treated  with  LPS  or  infected  with  Sterne  or 
AANR  spores  for  2  h  before  gentamicin  was  added  to  the  culture 
medium  and  incubated  22  h  longer.  Flow  cytometric  analysis  (Fig. 
5)  revealed  that  all  three  treatments  increased  expression  of  CCR7, 
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FIGURE  6.  Spore-infected  DCs  develop  enhanced  allostimulatory 
function.  DCs  were  treated  with  medium  (•),  100  ng/ml  LPS  (V),  Sterne 
spores  (O),  or  AANR  spores  (▼)  for  6  h  before  cultures  were  irradiated  and 
incubated  at  the  indicated  numbers  with  1  X  105  allogenic  T  cells. 
[3H]Thymidine  incorporation  (cpm  X  104)  by  proliferating  T  cells  is  dis¬ 
played  as  the  mean  of  triplicate  determinations.  These  data  are  represen¬ 
tative  of  responses  from  four  different  donors. 


a  chemokine  receptor  required  for  DCs  to  migrate  into  lymphatic 
vessels  (18)  and  to  T  cell  zones  in  the  lymph  node  (19).  Like  LPS, 
spores  increased  the  mean  fluorescent  intensity  of  CDllc+  DCs, 
and  there  was  a  loss  of  CCR5  at  the  membrane  surface  (Fig.  5). 
These  changes  also  facilitate  migration  to  lymph  nodes.  The  mat¬ 
uration  marker  CD83  and  proteins  that  enable  efficient  activation 
of  cognate  T  cells  (HLA-DR,  CD40,  CD80,  and  CD86)  were  ex¬ 
pressed  at  higher  levels  (increased  mean  fluorescent  intensity  and 
percentage  of  positive  DCs),  whereas  CD  la  levels  were  reduced  at 
the  membrane  surface  of  spore-  and  LPS-treated  DCs  (Fig.  5). 
These  experiments  were  repeated  exactly  as  before,  except  genta¬ 
micin  was  added  6  h  after  infection,  and  yielded  results  similar  to 
those  shown.  These  phenotypic  changes  indicate  that  spores  induce 
maturation  of  DCs. 

To  examine  whether  spore  infection  impaired  functional  matu¬ 
ration,  the  capacity  for  DCs  to  activate  T  cells  was  examined  by 
incorporation  of  [ ’H]thymidine  by  proliferating  cells  (Fig.  6).  DCs 
were  infected  with  spores  for  6  h  before  the  cultures  were  irradi¬ 
ated  and  incubated  with  purified  allogenic  T  cells.  Statistical  anal¬ 
ysis  by  t  test  indicated  significantly  higher  levels  of  [3H]thymidine 
incorporation  when  DCs  were  treated  with  Sterne  (p  =  0.01  at  1  X 
104,  p  =  0.02  at  2  X  104)  and  AANR  (p  =  0.03  at  1  X  104,  p  = 
0.05  at  2  X  104)  than  DCs  treated  with  medium  alone.  The  loss  of 
tissue-retaining  chemokine  receptors,  de  novo  expression  of  lymph 
node  homing,  and  costimulatory  proteins,  as  well  as  enhanced  co¬ 
stimulatory  function  indicate  that  spore-infected  DCs  mature  and 
develop  the  capacity  to  migrate  into  draining  lymph  nodes.  These 
changes  could  facilitate  dissemination  of  B.  anthracis  throughout 
the  host. 

B.  anthracis  spores  activate  MAPK  signaling  in  DCs 

The  B.  anthracis  toxins  are  important  factors  that  can  influence 
proinflammatory  activity  of  mononuclear  cells  when  added  as  pu¬ 
rified  proteins  (20,  21).  Spores  stimulated  DC  maturation  and  the 
capacity  to  migrate  into  lymph  nodes.  To  our  surprise,  there  was 
no  apparent  influence  of  anthrax  toxins  on  these  responses  to  spore 
infection  (Fig.  5).  Therefore,  the  next  question  we  asked  was 
whether  anthrax  toxins  might  facilitate  immune  evasion  by  inhib¬ 
iting  proinflammatory  responsiveness  of  DCs.  We  first  tested  for 
activation  of  the  MAPK  cascade,  which  regulates  expression  of 
many  inflammatory  response  genes  in  DCs  (22).  DCs  were  treated 
with  LPS,  Sterne,  AANR,  or  inactivated  Sterne  spores,  and  cellular 
proteins  were  harvested  for  Western  analysis  of  activated  (i.e., 
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FIGURE  7.  B.  anthracis  virulence  factors  deactivate  proinflammatory 
responses  initiated  by  spores.  DCs  were  treated  as  indicated  for  30  min  (A) 
or  6  h  (B)  before  samples  were  analyzed  by  Western  blot  using  protein  and 
phosphoprotein-specific  Abs.  These  data  are  representative  of  responses 
from  four  different  donors. 


phosphorylated)  MAPKs.  Within  30  min  of  infection,  AANR 
spores  and  Sterne  spores  induced  weak  phosphorylation  of 
ERK1/2  and  strong  phosphorylation  of  p38  (Fig.  7A),  whereas  LPS 
induced  strong  phosphorylation  of  ERK1/2  and  p38.  Like  the  live 
spores,  inactivated  Sterne  spores  induced  a  similar  pattern  of  phos¬ 
phorylation  of  ERK  and  p38  (data  not  shown),  suggesting  that  the 
spore  coat  contains  molecules  capable  of  activating  DCs.  Unlike 
LPS,  Sterne  and  AANR  spores  did  not  activate  stress-activated 
protein  kinase  (SAPK)/JNK  within  30  min  of  infection  (Fig.  1A). 
DCs  treated  with  AANR  spores  showed  weak  phosphorylation  of 
ERK1/2  and  p38  as  well  as  SAPK/JNK  phosphorylation  at  6  h 
(Fig.  IB),  but  Sterne-treated  DC  cultures  lacked  any  detectable 
phosphorylation.  Activation  of  the  MAPKs  as  long  as  6  h  may 
result  from  AANR  bacilli  present  in  abundance  after  2  h  of  infec¬ 
tion  and  from  a  presence  of  nongerminated  spores. 

The  capability  of  Sterne,  but  not  AANR  bacilli  to  produce  LT 
suggested  that  LT  may  inactivate  the  MAPKs  via  cleavage  of  ki¬ 
nases  (MEKs  or  MAP  II  kinase  kinases  (MKKs)  immediately  up¬ 
stream  of  MAPKs  (20,  23-25).  Therefore,  we  examined  levels  of 
MEKs  that  phosphorylate  ERK1/2  (MEK-1),  p38  (MEK-3),  and 
SAPK/JNK  (MKK-4)  at  6  h  after  infection.  Protein  samples  were 
probed  using  Abs  that  detect  peptide  sequences  of  MEK-1, 
MEK-3,  and  MKK-4  that  are  detached  by  enzymatic  activity  of 
LT.  Partial  cleavage  of  all  three  proteins  was  evident  by  4  h  in 
Sterne-treated  DCs,  but  not  in  AANR-  or  LPS-treated  samples 
(data  not  shown).  Complete  cleavage  of  all  MEK-1  and  MEK-3 
protein  and  nearly  complete  cleavage  of  all  MKK-4  protein  were 
observed  at  6  h  postinfection  (Fig.  IB).  These  data  indicate  that 
spores  initially  activated  DCs.  As  virulence  factors  such  as  LT 
reach  a  threshold,  the  toxins  silence  transduction  of  further  intra¬ 
cellular  signals,  effectively  shutting  down  the  MAPK  pathway. 
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FIGURE  8.  Spore-infected  DCs  produce  inflammatory  response  gene 
rnRNA.  RPA  template  set  hCK2b  was  hybridized  with  RNA  from  DCs 
treated  with  100  ng/ml  LPS,  Sterne  spores,  or  AANR  spores  for  the  indi¬ 
cated  times.  Band  density  of  cytokine-specific  mRNA-protected  probe 
fragments  (top)  was  expressed  as  a  percentage  of  L32  (bottom).  These  data 
are  representative  of  responses  from  three  different  donors. 


Inflammatory  response  gene  expression  from  DCs  infected  with 
B.  anthracis  spores 

Termination  of  MAPK  signaling  would  be  expected  to  inhibit  ex¬ 
pression  of  inflammatory  response  genes  and  curtail  secretion  of 
proinflammatory  cytokines  and  chemokines,  which  are  critical  for 
activating  the  innate  immune  system.  To  assess  this,  we  examined 
expression  from  genes  regulated  by  the  MAPK  signaling  pathway 
such  as  TNF-a,  IL-6,  IL-ljS,  MCP-1.  IL-8,  as  well  as  other  me¬ 
diators  of  inflammation  (22).  RPA  revealed  that  IL-1  a,  IL-1J3,  IL- 
lRa,  and  IL-6  mRNA  were  induced  by  treatment  with  LPS  and 
AANR  spores  at  similar  levels,  and  by  Sterne  spores  to  a  lesser 
extent,  by  2  h  (Fig.  8).  In  LPS  and  AANR  spore-treated  samples, 
the  IL-la,  IL-lj3,  IL-IRa,  and  IL-6  mRNA  levels  continued  to 
increase  by  4  h.  By  6  h,  LPS  and  AANR  samples  continued  to 
show  increasing  levels  of  IL-1J3  and  IL-IRa  mRNA.  In  contrast, 
Sterne-treated  samples  showed  a  uniform  plateau  in  mRNA  levels 
after  4-h  infection. 

Secreted  cytokines  and  chemokines  were  examined  by  cytomet¬ 
ric  bead  array  using  culture  supernatants  harvested  from  DCs 
treated  with  Sterne  spores,  AANR  spores,  or  LPS.  LPS  and  AANR 
spores  stimulated  secretion  of  TNF-o:,  IL-6,  and  IL-8  in  copious 
amounts  that  continued  to  rise  at  8  h  posttreatment  (Fig.  9A).  In 
contrast,  DCs  infected  with  Steme  spores  secreted  overall  lower 
levels  of  these  inflammatory  mediators  and  did  not  continue  to  rise 
after  4-h  infection.  Other  mediators  of  inflammation  such  as  IL- 
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FIGURE  9.  B.  anthracis  spore  infection  stimulates  secretion  of  proin¬ 
flammatory  mediators.  Cytometric  bead  array  analysis  was  performed  on 
culture  supernatants  harvested  after  treatment  for  the  indicated  times  (A) 
with  100  ng/ml  LPS  (•),  Steme  spores  (O),  or  AANR  spores  (T).  Con¬ 
centrations  of  secreted  proteins  are  shown  on  a  logarithmic  scale  in  A.  B. 
DCs  were  treated  as  in  A  for  4  h.  These  data  are  representative  of  responses 
from  six  different  donors. 
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12p70  (Fig.  9A)  were  stimulated  by  LPS,  but  not  by  Sterne  or 
AANR  spores,  suggesting  differential  activation  of  specific  genes. 
Surprisingly,  both  Sterne  and  AANR  spores  poorly  stimulated  se¬ 
cretion  of  other  chemokines.  From  spore-treated  DCs,  monokine 
induced  by  IFN-y  was  not  secreted,  and  only  negligible  levels  of 
MCP- 1  and  moderate  levels  of  RANTES  were  observed  4  h  after 
infection  (Fig.  9 B).  Examination  of  DCs  by  trypan  blue  exclusion 
(data  not  shown)  indicated  that  infection  did  not  induce  DC  death 
by  8  h  after  infection.  These  data  demonstrate  that  human  DCs 
respond  to  infection  with  B.  anthracis  spores  by  producing  RNA 
and  secreting  inflammatory  response  proteins,  which  modulate  in¬ 
flammation  and  promote  maturation  of  DCs.  Furthermore,  B.  an¬ 
thracis  virulence  factors,  most  likely  those  encoded  on  the  pXOl 
plasmid,  later  suppress  secretion  of  inflammatory  response  pro¬ 
teins  in  part  by  impairing  transduction  of  signals  through  the 
MAPK  cascade. 


Discussion 

Although  DCs  are  recognized  as  important  sentinels  of  microbial 
invasion  in  the  lungs,  recent  studies  on  Aspergillus  fumigatus  and 
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Mycobacterium  tuberculosis  have  suggested  that  DCs  may  some¬ 
times  contribute  to  disease  pathogenesis  by  activating  a  nonpro- 
tective  Th2  response  or  by  serving  as  a  hidden  reservoir  for  bac¬ 
teria  (26-28).  Our  results  suggest  that  this  might  be  true  for 
infection  with  B.  anthracis  spores,  which  may  possibly  convert 
DCs  into  a  vehicle  for  dissemination.  In  vivo  testing  of  this  hy¬ 
pothesis  in  an  appropriate  animal  model  will  be  necessary  to  de¬ 
termine  whether  DCs  disseminate  spores  during  infection  in  vivo. 

Our  data  clearly  demonstrate  that  immature  human  DCs  are  ca¬ 
pable  of  internalizing  nongerminated  B.  anthracis  spores.  Interest¬ 
ingly,  DCs  engulf  spores  primarily  by  means  of  coiling  phagocy¬ 
tosis,  a  receptor-mediated  (29)  method  predominantly  associated 
with  uptake  of  pathogenic  organisms.  Coiling  phagocytosis  is  a 
disorganized  form  of  zipper-type  phagocytosis  characterized  by 
single  folds  of  plasma  membrane  that  wrap  around  a  microbe  in 
multiple  turns  (30).  Although  the  significance  of  coiling  phagocy¬ 
tosis  for  disease  pathogenesis  has  yet  to  be  elucidated,  it  is  a  sub¬ 
ject  that  surely  warrants  further  investigation. 

B.  anthracis  might  induce  its  exit  out  of  the  lungs  within  DCs, 
in  part,  by  activating  the  MAPK  signaling  cascade.  In  our  system, 
we  observed  weak  activation  of  ERK  with  strong  activation  of  p38 
(Fig.  7)  quickly  after  endocytosis  of  spores.  In  DCs,  this  pattern  of 
MAPK  activation  stimulates  lymph  node  homing  via  secretion  of 
proinflammatory  cytokines  (e.g.,  TNF-a)  known  to  enable  DC 
trafficking  between  the  lungs  and  mediastinal  lymph  nodes  (31- 
33).  Although  greatly  attenuated  in  the  presence  of  B.  anthracis 
with  preserved  pXOl  virulence  factors,  cytokine  secretion  was  ap¬ 
parently  sufficient  to  stimulate  pathways  that  promoted  maturation, 
enhanced  activation  of  allogenic  T  cells,  and  membrane  protein 
changes  essential  for  DC  migration  into  lymph  nodes. 

An  effect  of  virulence  factors,  such  as  FT,  was  evident  by  6  h 
postinfection  when  suppression  of  MAPK  signaling  and  produc¬ 
tion  of  proteins  from  downstream  target  genes  were  observed.  In  a 
previous  study,  Agrawal  et  al.  (34)  reported  impaired  phosphory¬ 
lation  of  ERK  1/2  and  p38  in  response  to  EPS  and  a  reduction  in 
cytokine  expression  after  24  h  preincubation  of  murine  DCs  with 
purified  LT.  Our  data  suggest  that  the  levels  of  ET  released  by 
Sterne  bacilli  are  sufficient  to  achieve  these  same  effects,  in  part,  by 
cleavage  of  MEK-1,  MEK-3,  and  MKK-4.  Significantly,  our  study 
agrees  with  their  MAPK  signaling  results  using  a  different  exper¬ 
imental  system,  which  involved  spore  infection  with  permitted  out¬ 
growth  of  B.  anthracis  bacilli  and  production  of  virulence  factors. 
Our  study  and  that  of  Agrawal  et  al.  (34)  contrast  with  a  new  study 
(35)  that  showed  no  impact  of  Sterne  infection  on  cytokine  secre¬ 
tion.  Although  our  results  did  not  indicate  an  impact  of  specific 
virulence  factors  on  expression  of  the  costimulatory  membrane 
proteins  that  we  examined,  Agrawal  et  al.  (34)  reported  a  suppres¬ 
sion  of  costimulatory  molecule  expression  with  overnight  LT  pre¬ 
incubation  and  subsequent  LPS  stimulation.  Significantly,  these 
differences  could  be  reconciled  by  the  capacity  for  spores  to  stim¬ 
ulate  proinflammatory  pathways  before  activity  of  virulence  fac¬ 
tors.  Also,  new  immunostimulatory  bacterial  products  may  have 
become  accessible  to  DCs  during  incubation  with  gentamicin,  and 
thus  provide  further  stimulation  for  DCs  to  mature. 

Because  Sterne  bacilli  are  capable  of  producing  both  ET  and  LT. 
there  may  be  a  combined  effect  of  these  exotoxins  on  cytokine  and 
chemokine  production.  Edema  factor  is  a  calmodulin-activated  ad¬ 
enylate  cyclase  (36),  which  binds  to  heptamers  of  protective  Ag  to 
traverse  cell  membranes,  forming  ET.  By  increasing  intracellular 
cAMP  levels,  ET  inhibits  TNF-o:  and  IL-6  secretion  from  mono¬ 
cytes  (21).  To  our  knowledge,  no  studies  have  investigated  the 
effects  of  ET  on  DCs.  However,  it  was  shown  that  elevated  cAMP 
levels  can  inhibit  release  of  proinflammatory  cytokines  without 
affecting  the  differentiation  process  of  DCs  (37). 


Overall,  our  study  demonstrates  that  B.  anthracis  virulence  fac¬ 
tors  suppress  proinflammatory  responsiveness  of  DCs.  Because 
DCs  are  regarded  as  a  critical  link  between  the  innate  and  adaptive 
immune  responses  (10),  impaired  responsiveness  may  diminish 
DC-mediated  activation  of  other  leukocytes  in  the  innate  immune 
system  and  facilitate  escape  of  B.  anthracis  from  detection, 
thereby  enhancing  its  ability  to  complete  the  infection  process. 

The  results  of  this  study  are  entirely  consistent  with  a  hypoth¬ 
esized  scenario  in  which  B.  anthracis  spores  may  use  DCs  to  fa¬ 
cilitate  infection.  The  sequence  of  events  would  be  initiated  by 
spores  stimulating  their  endocytosis  by  DCs.  DCs  would  then  be¬ 
come  transiently  activated  in  a  proinflammatory  mode  and  secrete 
inflammatory  cytokines,  undergo  maturation,  and  migrate  to  drain¬ 
ing  lymph  nodes.  Further  production  of  anthrax  toxins  by  bacilli 
would  silence  the  proinflammatory  response  and  delay  an  immune 
response  to  the  infection.  Although  additional  work  will  be  re¬ 
quired  to  confirm  this  sequence  of  events,  the  current  study  pro¬ 
vides  a  sound  foundation  of  plausibility. 
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